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ABSTRACT
The evaporation of water droplets placed on heated hydrophilic, hydrophobic, and superhydrophobic
substrates is numerically investigated. Simplified analytical models for droplet evaporation only include
vapor diffusion transport in the surrounding gas domain and assume an isothermal droplet interface at the
substrate temperature. The comprehensive model developed in this study accounts for all of the pertinent
transport mechanisms. The interface is cooled via absorption of latent heat during evaporation, and the
saturated vapor concentration is coupled to local temperature at the droplet interface. Conjugate heat and
mass transfer are solved throughout the system using temperature-dependent physical properties.
Buoyancy-driven convective flows (induced by both species concentration and temperature gradients) in
the droplet and gas domains are also simulated. The evaporation rates predicted as a function of the
substrate wettability (contact angle from 10 deg to 160 deg) and substrate temperature (40 °C to 65.4 °C)
are validated against experiments from the literature. The modeling approach yields quantitative insights
into the influence of these transport mechanisms on the evaporation characteristics. As substrate
temperature is increased, the buoyancy-induced convection significantly increases the evaporation rate by
up to ~60% on the hottest substrate compared to the diffusion-based model, by enhancing vapor transport
in the gas domain. Simultaneously, the liquid-gas interface is increasingly cooled by evaporation, leading
to a large temperature drop across the droplet height, ~18 °C for a 3 μL droplet evaporating on the
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superhydrophobic substrate at 60 °C. This significantly alters the distribution of the vapor fraction and
evaporation flux along the interface and suppresses the evaporation rate (by ~53%). When both factors
are considered together, the net effect (namely, enhancement or suppression) on the evaporation rate is
dependent on the competition between the buoyancy-induced convection and evaporative cooling. On
hydrophilic substrates, the evaporative cooling effect is weak because the flat droplet shape results in a
relatively small temperature difference between the interface and the heated substrate; upward gas-phase
natural convection is dominant and enhances evaporation. On the hydrophobic substrate, these respective
suppression and enhancement effects counterbalance each other. On the superhydrophobic substrate, the
effect of evaporative cooling is further amplified by the large thermal resistance between the substrate and
interface, dominating the transport process and entirely suppressing the influence of upward natural
convection in the gas phase.
Keywords: droplet evaporation, convection, evaporative cooling, heated substrates, superhydrophobic
1. INTRODUCTION
Evaporation of sessile droplets is an important fundamental problem motivated by various
applications such as phase-change cooling [1,2], surface deposition and self-assembly of suspended
particulates [3,4], inkjet printing [5], microscale sensing [6], and microfluidic control [7]. It is essential to
understand the transport mechanisms underlying droplet evaporation, as well as to accurately predict the
global and local evaporation characteristics, in order to design and optimize such droplet evaporationbased processes.
Picknett and Bexon [ 8 ] studied droplet evaporation in ambient air and identified two typical
evaporation modes on smooth surfaces: a constant contact radius (CCR) mode and a constant contact
angle (CCA) mode. For quasi-steady conditions, they derived a solution for the evaporation rate of a
droplet by assuming that vapor diffusion in the surrounding air was the only transport mechanism. Hu and
Larson [9] experimentally and numerically studied vapor diffusion from evaporating droplets. By fitting
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their simulation results to experimental data, simplified expressions were obtained for the total
evaporation rate and local mass flux under a wetting contact angle of less than 90 deg. Popov [10] derived
solutions of the vapor diffusion-based model for a droplet with any arbitrary contact angle; the total
evaporation rate and local interfacial evaporation flux can be respectively calculated as:
 1 + cosh 2
sin 
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tanh ( −  )  d
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where m is the droplet mass, J the evaporation flux, Rc the contact radius of the droplet, h the droplet
height, D the diffusion coefficient, ρs the saturated vapor density at the droplet interface, ρ∞ the ambient
vapor density, θ the contact angle (CA), and r the radial coordinate along the droplet interface. By
integrating Eq. 1 under CCA and CCR modes, the variation of droplet volume with evaporation time can
be predicted. With this vapor diffusion-based solution, Stauber et al. [11] further developed a predictive
model for evaporation of a sessile droplet with “stick-slide” behavior (i.e., mixed mode of CCA and
CCR). The influence of the initial and receding contact angles on droplet lifetime and volume evolution
were analyzed over the entire theoretical range of surface wettability (0 deg < θ < 180 deg).
Simplified vapor diffusion-based models are commonly used to predict the evaporation of sessile
droplets [12,13]. However, evaporation of droplets involves other transport mechanisms in addition to
vapor diffusion. A large number of recent studies have contested the appropriate range of applicability for
vapor diffusion-based droplet evaporation models [ 14 - 27 ], with predictions that have shown both
overestimates and underestimates of the evaporation rate due to the physical simplifications assumed.
As a droplet evaporates, its interface is cooled due to the absorption of latent heat, reducing the local
vapor pressure, and in turn suppressing evaporation. Cooling of the droplet interface also induces
temperature gradients that drive conjugate heat transfer in the solid substrate, liquid droplet, and
surrounding gas phases. Suppression of evaporation is typically significant if the underlying substrate has
a low thermal conductivity [17-21] or low wettability [22-24]; these characteristics impede heat flow from
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the substrate/surroundings to the interface, which results in a large temperature differential across the
droplet interface. David et al. [19] showed experimentally that interfacial cooling suppressed evaporation,
especially on low-conductivity substrates. Dunn et al. [20] proposed a thermal-vapor-diffusion model by
coupling vapor diffusion with evaporative cooling-induced thermal conduction in the droplet and
underlying wetting substrate. The predicted evaporation rate for an organic liquid droplet agreed with
experiments for cases where the vapor diffusion-based model overestimated evaporation rates. Saada et al.
[21] further accounted for thermal diffusion in the gas domain, and similarly showed that the droplet
lifetime increased with decreasing substrate thermal conductivity. Dash and Garimella [22]
experimentally investigated droplet evaporation on hydrophobic and superhydrophobic substrates. Even
for a substrate with high thermal conductivity, the vapor diffusion-based model significantly
overestimated the evaporation rate, by ~25%, on superhydrophobic substrates. A numerical model for
droplet evaporation developed by Pan et al. [23] revealed the underlying mechanism for suppression of
evaporation on nonwetting substrates. As the contact angle of a droplet increases, its height increases and
its contact area with the substrate decreases; these changes to the droplet geometry act to increase the
thermal resistance between the evaporating interface and substrate, maintaining a larger temperature drop
that suppresses evaporation. On heated substrates, the relative influence of evaporative cooling has been
observed to be even stronger. Dash and Garimella [24] measured lifetimes of water droplets on heated
superhydrophobic substrates that were up to twice as long as values predicted by the vapor diffusionbased model.
Gas-phase convection is another important transport mechanism that increases the rate of droplet
evaporation by facilitating vapor to be transported away from the droplet interface into the ambient.
Kelly-Zion et al. [28] and Dehaeck et al. [29] measured the vapor concentration around an evaporating
droplet. The distribution of vapor surrounding the droplet was significantly different from the vapor
diffusion-based model due to the presence of convection. Carle et al. [30,31] and Sobac and Brutin [32]
conducted experiments which experimentally demonstrated that gas-phase buoyant convection increases
the droplet evaporation rate. As wall temperature increases, the gas-phase convection becomes stronger
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and the enhancement of evaporation becomes more significant. The vapor diffusion-based model
underestimated the evaporation rate by up to ~30%; an empirical correlation was proposed to evaluate the
contribution of the convection by fitting the experimental data. Saada et al. [33] numerically investigated
the evaporation of water droplets on heated hydrophilic surfaces with a convection-diffusion model.
Based on the Boussinesq assumption, the thermally induced natural convection in the gas was calculated,
while all other physical properties were set as constant. The vapor diffusion-based model was found to
underestimate the evaporation rate by ~8.5% for unheated substrates and up to ~27% for a heated
substrate, compared to their convection-diffusion model. The authors also demonstrated that the size of
the heated substrate relative to the droplet influences the droplet evaporation rate. Recent numerical
simulations by Pan et al. [ 34 ] studied the counteracting influences of gas-phase convection and
evaporative cooling over a wide range of substrate contact angles (from 10 deg to 170 deg) and defined
regimes within which each mechanism was dominant. These two important transport mechanisms were
also experimentally demonstrated by Gleason et al. [35] on heated substrates (22℃ ≤ Tw ≤ 70℃) with
contact angles varying from 80 deg to 110 deg.
Evaporation also induces liquid flow inside the droplet. At low contact angles, the liquid usually
flows radially outward toward the contact line due to the strong local evaporation flux; for such droplets,
any solids suspended in the droplet are deposited in a ring-shaped at the pinned contact line per the socalled “coffee ring” effect. For higher contact angles, liquid recirculation can be observed due to the
Marangoni effect or buoyancy forces [ 36 - 38 ]. Evaporating organic liquid droplets exhibit strong
Marangoni convection, especially on heated substrates [ 39 - 42 ]. For evaporating water droplets,
Marangoni flow is usually observed to be extremely weak [43-45]; the droplet internal flow in this case is
confirmed to be dominated by buoyancy effects [40, 46 , 47 ]. It is suspected that these consistent
experimental observations of highly suppressed Marangoni flows, compared to expected theory, are due
to the sensitivity of water to contaminants. As analyzed by Hu and Larson [43], the Marangoni shear
stress at a water free surface may be reduced by 100 times at surfactant contaminant concentrations as
small as 300 molecules/μm2. It should be noted that the liquid flow pattern inside the droplet is highly
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dependent on the evaporation flux along the interface, which highlights the importance of accurately
predicting the evaporation flux distribution.
This review of the literature makes it clear that the evaporation of a sessile droplet is a complex
process involving multiple interacting transport phenomena. Heating the substrate further complicates the
transport processes due to the increased temperature difference between the heated substrate and ambient
gas, which influences the evaporative cooling, fluid convection, and other transport mechanisms reviewed.
However, the literature still lacks a generalized model that can predict the volume evolution, lifetime, and
local evaporation flux of an evaporating sessile droplet on heated substrates with different temperatures
and extents of wettability. As a result, the relative contribution of each underlying transport mechanism in
the evaporation of water droplets on heated substrates is not known. In the present work, a comprehensive
model is developed to predict the evaporation of water droplets on heated substrates. The large
temperature differences throughout the system require the consideration of temperature-dependent
properties. Transport mechanisms including vapor diffusion, evaporative cooling, conjugate heat transfer,
and fluid convection are coupled and solved numerically. The modeling approach is first validated against
multiple experimental studies in the literature, and then used to analyze the transport mechanisms on
heated hydrophilic, hydrophobic, and superhydrophobic surfaces. By resolving the individual effects in a
comprehensive framework, the contribution of each of these transport mechanisms is quantitatively
determined and their interactions are revealed. The distribution of the evaporation flux along the interface
is analyzed and compared with the classic vapor diffusion-based model.
2. MATHEMATICAL MODEL
The 2D axisymmetric model considers the heat and mass transport within and surrounding an
evaporating water droplet resting on a heated substrate as shown in Figure 1. To match the conditions
typical of experiments in the literature, where the droplet is placed on a heated substrate, the bottom solid
wall of the domain is separated into a central heated region under the droplet corresponding to the size of
the substrate and outer adiabatic region. A range of liquid-solid contact angles (leading to different
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droplet shapes) and multiple substrate superheat temperatures are studied. Ambient conditions are chosen
to allow direct comparison with experiments in the literature, as will be introduced later in Section 3.
This section describes the governing transport equations, boundary conditions, and numerical
implementation details of the model. Evaporative cooling is included as an energy sink at the free
interface of the droplet and conjugate heat and mass transfer are solved throughout the domain. Due to the
temperature gradient established between the heated substrate and cooled interface, natural convection is
simulated within the liquid droplet. Buoyancy-induced convection and Stefan flow are considered in the
gas domain. The vapor concentration at the interface is assumed to correspond to saturated conditions at
the local temperature. The time scale of volume change by evaporation is significantly longer than all
other transport process time scales (vapor, thermal, and momentum diffusion); hence, a quasi-steady
volume assumption is employed. Under this assumption, the evaporation behavior depends only on the
instantaneous droplet geometry and environment conditions.

Outer boundary at
ambient conditions
(T=T∞, C=C∞)

Axis of Symmetry

Gas

Interface (T, Cv(T), J(r))
Gas
Droplet

Solid wall
Heated region (Tw=Th)

Adiabatic region (qw=0)

Figure 1. Schematic diagram of the numerical solution domain and boundary conditions with mesh overlay.
The contact angle of the illustrated inset droplet is 60 deg.
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2.1. Liquid (Droplet) Domain
Laminar flow of a Newtonian fluid is assumed in the liquid domain of the small droplet. The
continuity, momentum, and energy equations are given respectively as
 l   V = S m ,l

(3)

l V V = −p + l  2V + l g

(4)

l c p ,lV  T = kl  2T + S h ,l

(5)

where ρ is the density, V the velocity, p the pressure, μ the dynamic viscosity, g the gravitational constant,
cp the heat capacity, T the temperature, and k the thermal conductivity. The subscript l indicates the liquid
phase. Mass and energy source terms, respectively Sm and Sh, are employed on the cells adjacent to the
interface, to model heat and mass transport across the interface, as described in Section 2.3. Note that the
buoyancy forces are calculated based on the temperature-dependent density, rather than the Boussinesq
approximation, due to the large temperature gradients throughout the liquid domain.
2.2. Gas Domain
Because vapor transport in the gas domain influences the evaporation process, the flow, temperature,
and concentration fields are calculated simultaneously. Flow of an ideal gas in the domain surrounding
the droplet is further assumed to be laminar and Newtonian. The continuity, momentum, and energy
equations are the same as Eq. 3 - Eq. 5, substituting the subscript l with g for the gas phase. The
governing equation for vapor species diffusion and convection in air is given as

V Cv −   ( D Cv ) = 0

(6)

where Cv is the molar concentration of vapor and D is the diffusion coefficient. Based on the ideal gas
assumption, Cv = pv / RT, where pv is the partial pressure of vapor and R is the universal gas constant. As
in the liquid domain, the buoyancy forces in the gas domain are simulated with the temperature-dependent
density. By coupling with Eq. 6 and employing the ideal gas assumption, both species-concentrationinduced and thermally-induced buoyancy convection are simulated together.
2.3. Liquid–Gas Interface
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The vapor pressure at the interface is assumed to be the saturation value, ignoring any interfacial
evaporation resistance or capillary pressure drop across the interface. The interfacial resistance is usually
much smaller than the diffusion resistance when water is evaporating in an air ambient [48]; the capillary
pressure drop is negligible for droplets with radius greater than ~1 μm [23].
The evaporation flux should be equal to the vapor transport at the liquid–gas interface

J = M (− Dn Cv + vnCv )

(7)

where M is the molar weight of vapor, n is the normal vector of the interface, and vn is the normal velocity
at the interface on the vapor side due to the evaporation. The first term on the right hand side of the
equation is the vapor transport due to mass diffusion and the second term represents mass convection by
Stefan flow. Because the velocity of vapor flow is roughly three orders of magnitude larger than the
velocity of the droplet interface, displacement of the interface is neglected in Eq. 7, as is inherent in the
quasi-steady assumption. As vapor diffuses into the air, the convection represented by vn ensures that net
mass transport of air is zero. Therefore, at the interface, we have:
vn = −

1
D(n Cv )
Cg − Cv

(8)

J =−

MD
(n Cv )
lv
1 − Cv / Cg

(9)

Coupling Eq. 7 with Eq. 8, we have

where the subscript lv indicates the interface. From the ideal gas law, Cg = patm / RTlv, Cv = psat(Tlv) / RTlv
at the interface. Once the evaporation flux along the interface is obtained, the overall evaporation flux can
be obtained by integrating the evaporation flux J along the interface.
To numerically model the mass transport across the interface, corresponding mass sources are added
to the mesh cells adjacent to either side of the interface, as explained in [49,50]:
Sm, g =

JAcell
JA
, Sm,l = − cell ,
Vcell , g
Vcell ,l

(10)

where Acell is the interface area of a specified cell adjacent to the interface and Vcell is the cell volume.
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Evaporation from the interface also induces an evaporative cooling effect. This cooling effect is taken
into account by employing energy sources in the mesh cells adjacent to the interface on either side:

S h , g = S m, g hs (T ) , S h ,l = S m ,l hs (T ) + h fg S m ,l

hs (T ) = c p (T − Tref , sim )

(11)
(12)

The first term on the right hand side of both sources in Eq. 11 represents the sensible heat contributed by
the mass source, while the additional term in the liquid-phase source accounts for the latent heat absorbed
during evaporation. The symbol hfg is the latent heat of evaporation and Tref,sim is an arbitrary reference
temperature implemented in the numerical simulation, which is equal to 298.15 K.
2.4. Other Boundary Conditions
A hemispherical simulation boundary is employed for the gas domain as shown in Figure 1. The
distance from the droplet to the outer boundary is 200 times the droplet radius; the evaporation rate was
confirmed to be independent of the boundary location for this domain size. At the outer boundary, the
ambient conditions are applied as Cv = H∞psat(T∞) / RT∞, where H∞ and T∞ are ambient relative humidity
and ambient temperature, respectively. The temperature across the inner interfaces is assumed to be
continuous. The boundary conditions on the heated region of the solid substrate are assumed as isothermal
(adiabatic in the unheated region), no-slip and no-penetration.
2.5. Temperature-Dependent Physical Properties
The density of the air-vapor mixture in the gas domain follows the ideal gas law

 g = Cv M v + (

patm
− Cv ) M air
RT

(13)

The temperature-dependent diffusion coefficient D is given by
D (T ) = Dref

 T

 Tref





2/3

(14)

where Dref = 2.6×10-5 m2/s at Tref = 298.15 K. The saturation pressure psat(Tlv) is calculated by the
Clausius-Clapeyron equation:
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 Mh fg
psat (Tlv ) = psat _ ref exp 
 R


 1
1 
− 


 Tsat _ ref Tlv  

(15)

where psat_ref = 12,352 Pa at Tsat_ref = 323.15K.
The other important thermal properties, such as fluid density, thermal conductivity, dynamic viscosity
and latent heat, are set as temperature-dependent, as described in Table 1. The heat capacity of water and
air are set constant as 4182 J/kgK and 1006 J/kgK, respectively, due to the negligible variation over the
range of temperatures considered.
Table 1. Fluid properties.
Properties

Water

Gas

Density (kg/m3)

-0.00379T2+1.99623T+738.719

Ideal gas law (Eq. 13)

Thermal Conductivity (W/(m K))

-0.0000105T2+0.007976T-0.83745

7.000×10-5 T+5.180×10-3

Thermal Capacity (J/kg)

4182

1006

Viscosity (kg/(m s))

2.0427×10-7T2-1.4102×10-4T+2.4780×10-2

4.897×10-8 T+3.832×10-6

Vapor Molecular Weight (kg/mol)

0.018

0.029 for air

Latent Heat (J/kg)

-3.46T2 +2.7554×106

2.6. Numerical Implementation
The numerical solution is obtained using the pressure-based finite volume method. The software
package ANSYS 14.0 (FLUENT solver) is employed with embedded user-defined functions to implement
the heat and mass exchange through the interface (Eq. 10-12), vapor transport (Eq. 6) with variation of
density (Eq. 13) and diffusivity (Eq. 14) in the gas domain, and the coupling of the evaporation flux (Eq.
9) with the local temperature and vapor fraction on the interface (Eq. 15). Pressure-velocity coupling is
accomplished through the SIMPLE algorithm. The Green-Gauss node-based method is employed for
accurately calculating scalar gradients. The Standard scheme is employed for discretization of pressure
while the First-Order Upwind scheme is chosen for momentum, energy, and user-defined scalars (vapor
mass fraction).
A schematic diagram of the mesh setup is illustrated in Figure 1 for a contact angle of 60 deg. A range of

~135,000 to ~168,000 total quadrilateral cells were used to mesh the domains across all the different
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contact angles considered from 10 deg to 160 deg. A local refinement of the mesh is applied near the
liquid-gas interface. Mesh-independence was confirmed by demonstrating that the simulation results were
insensitive to further refinement of the mesh. Changes in the evaporation rate, distribution of evaporation
flux, interfacial temperature, and the max flow velocity inside the droplet were all less than 0.5% for a
mesh with more than twice as many cells for each case.
2.7. Temporal variation of droplet volume during evaporation
Assuming the droplet profile is a spherical cap, the instantaneous droplet volume V, contact radius Rc
and contact angle θ are related as
V=

 Rc 3 (1 − cos  )2 (2 + cos  )
3
sin 3 

(16)

At any instant, given the current droplet volume and either contact radius (CCR mode) or contact angle
(CCA mode), the instantaneous droplet profile is determined. The instantaneous evaporation rate dm/dt
can then be calculated following the model discussed in Sections 2.1-2.6 above. For each case of droplet
evaporation, approximately ten instantaneous droplet volumes are simulated, ranging from 0.1 to 1 times
the initial volume of the droplet. Thereby, the evaporation rate dm/dt can be determined as a function of
the droplet volume V as dm/dt = f(V). Given the relation dm/dt = ρdV/dt, the droplet volume can be plotted
as a function of time as

V (t ) = V0 − 

t

0

dm
(V )
dt
dt

l

(17)

where t is time, and V0 is the initial volume of the droplet.
3. RESULTS AND DISCUSSION
3.1. Constant Contact Radius Evaporation on a Hydrophilic Substrate
To match the experimental conditions of Sobac and Brutin [32], the ambient temperature and relative
humidity are set as 25.4 °C and 47.5%, respectively. Three different wall temperatures of 45.6 °C, 55.4
°C and 65.4 °C are investigated. In the experiments [32], the droplets were placed on a heated aluminum
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disk-shaped substrate with a radius of 5 mm. In the simulations, the heated region of the solid wall (as
shown in Figure 1) is set to a radius of 5 mm to match the experiments. The evaporation of the droplet
follows the CCR mode and the contact radius is fixed as 1.44 mm. The initial droplet volume and contact
angle for each substrate temperature are set to values extracted from the experimental data [32].
The predicted volume evolutions of evaporating droplets at each substrate temperature are shown in
Figure 2a alongside the experiments [32] and the vapor diffusion-based model (Eq. 1). It is noted in many
previous studies [9-16,32] that the diffusion coefficient employed in Eq. 1 can be set as the value at either
the ambient temperature or the wall temperature. However, for a heated substrate, the large temperature
differences between the wall and ambient yield a wide range of diffusion coefficients; e.g., the diffusion
coefficient at the wall and ambient temperatures can differ by up to ~20% for a 40 °C temperature
difference. Because the vapor diffusion model represents diffusion in the gas domain, we set the diffusion
coefficient value at the average gas temperature Tav = (Ts + T∞)/2 when evaluating the diffusion-based
model (Eq. 1 and Eq. 2) throughout the paper. The evaporation lifetimes predicted by the numerical
simulations and the diffusion-based model (Eq. 1) are compared with the experimental data extracted
from Sobac and Brutin [32] (as listed in Table 2). The present simulation predictions agree with the
experimental results within 5% at all three substrate temperatures; the vapor diffusion-based model
significantly underestimates the evaporation rate and overestimates the droplet lifetime.
Table 2. Lifetimes of the droplets evaporating in the CCR mode on a hydrophilic substrate.
Wall Temperature

Experiments [32]

Simulations (Deviation)

Diffusion Model (Deviation)

45.6 °C

295 s

302 s (+2.4%)

359 s (+21.7%)

55.4 °C

163 s

159 s (-2.5%)

203 s (+24.5%)

65.4 °C

98 s

94 s (-4.1%)

125 s (+27.6%)
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Experiments
[32]
Experiments43
Diffusion
Diffusion model
model(Eq.
(Eq. 1)
1)
Present
Presentsimulation
model

Diffusion & convection

45.6°C
55.4°C
65.4°C

Diffusion, cooling & convection

Diffusion & cooling
45.6°
C
55.4°
C
65.4°
C

(a)

Diffusion & cooling
Diffusion & convections
Diffusion, cooling & convections

(b)

Figure 2. (a) Comparison of the temporal droplet volume predicted by the present numerical model with the
vapor diffusion-based model (Eq. 1) and experiments [32] at three different substrate temperatures. (b) Plot of
instantaneous evaporation rate of a water droplet as a function of contact angle (normalized by the vapor
diffusion-based model prediction); three cases (for each substrate temperature) are shown with different
transport mechanisms included: vapor diffusion with evaporative cooling, vapor diffusion with convection, and
vapor diffusion with both evaporative cooling and convection in the fluid phases (comprehensive present
simulation).

To further investigate the transport mechanisms that lead to the agreement between the present
simulation and experiments, the relative impact of incorporating individual transport mechanisms into the
numerical model is assessed. Because the contact angle decreases throughout evaporation, the evaporation
rate obtained from the numerical model, normalized by the vapor diffusion-based model, is shown as a
function of instantaneous contact angle (θ) in Figure 2b. A reference value of unity refers to a
consideration of only the vapor diffusion in the gas domain. When evaporative cooling is included with
vapor diffusion in the numerical model, the consequent thermal effects suppress the evaporation rate. The
degree of suppression increases with an increase in contact angle. At θ = 10 deg, the suppression is
negligible and < 4% on the hottest substrate, but at θ = 70 deg, the evaporation rate is reduced to ~78% of
the vapor diffusion-only benchmark under the same condition. When convection in the fluid domain is
included in the numerical model (without considering evaporative cooling), the evaporation rate is
enhanced. The enhancement increases with an increase in contact angle for this constant contact radius
case. The evaporation rate is increased to ~160% of the vapor diffusion-only benchmark on the hottest
substrate. This increase is attributed to the gas-phase convection, as the liquid-phase convection is weak
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(average velocity magnitude is on the order of 10-5m/s) and its influence on the evaporation rate is
negligible. When all three mechanisms are considered together (the comprehensive present simulation),
the overall evaporation rate is between these two extreme conditions.
This influence of the transport mechanisms on the evaporation rate can be explained by analyzing the
vapor mass fraction, temperature, and flow field around the evaporating droplets, as shown in Figure 3.
For a small contact angle (θ = 10 deg), the droplet is flat. The thermal resistance between the substrate
and the liquid-vapor interface is small. Latent heat absorbed by the interface can be easily supplied from
the heated substrate, and thus, the temperature drop along the interface is very small (~0.4 °C at Tw = 45.6
°C) and suppression of evaporation via evaporative cooling is negligible (as shown in Figure 2b). As the
contact angle increases to 70 deg, the droplet height increases and a larger temperature drop is established
along the interface (~6 °C at Tw = 55.4°C), which considerably suppresses the evaporation rate as was
shown in Figure 2b. As the wall temperature increases to 65.4 °C, the evaporation becomes more intense
and more latent heat is absorbed at the interface. As a result, the temperature drop along the interface
increases to ~1.2 °C at θ = 10 deg and ~6.7 °C at θ = 70 deg. As shown in Figure 2b, evaporation is more
strongly suppressed as substrate temperature increases. It is also noted that in the cases investigated, most
of the latent heat is supplied from the substrate through the liquid domain (versus the gas domain) due to
the relatively flat geometry of the droplet and low thermal conductivity of gas. Heat transferred from the
gas domain to the evaporating interface is negligible in all cases (less than 3%).
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CA = 10 deg

45.0

32.0

0.005

41.0

45.0

Mass fraction

Droplet

(a)

32.0

0.005

CA = 70 deg

65.0
Temperature
(K)

Temperature (°C)

Mass0.174
Fraction
Temperature
(K)

Temperature (°C)

0.005

Mass fraction

Mass fraction

CA = 70 deg

65.0

Temperature (K)

Temperature (°C)

0.060

CA = 10 deg

Temperature (°C)

0.005

Mass Fraction

0.174

Temperature
Mass Fraction
(K)

Mass fraction

0.060

Mass Fraction

Droplet

41.0

(b)

Figure 3. Contour plots of the vapor mass fraction and temperature distribution in and around the droplet, with
flow field pathlines overlaid, at wall temperatures of (a) Tw = 45.6°C and (b) Tw = 65.4°C.

The heated substrate, and the density difference between the vapor at the interface and the air above,
both introduce an upward buoyancy-induced convection (Figure 3). This causes the significant increase in
the evaporation rate by enhancing vapor transport in the gas domain, which is not captured by the vapor
diffusion-based model. As the substrate temperature increases, the upward convection gets stronger and
its influence on the evaporation rate increases (Figure 2b). While evaporative cooling of the interface
would tend to suppress the upward convection, when both convection and evaporative cooling are
coupled, the net evaporation rate is increased compared to the vapor diffusion-based model over the range
of contact angles from θ = 10 deg to θ = 70 deg. This relative enhancement decreases with an increase in
the contact angle (at a fixed substrate temperature) due to the strengthening of the evaporative cooling
effect.
The relative importance and impact of evaporative cooling and convection transport mechanisms on
the local evaporation flux along the droplet interface is quantitatively investigated in Figure 4. The
influence of these mechanisms is evaluated using the numerical model and compared with the vapor
diffusion-based model. For a small contact angle (θ = 10 deg), the influence of the evaporative cooling is
negligible in all cases, and convection in the gas domain enhances vapor transport and increases the
evaporation flux along the interface; the enhancement increases with the substrate temperature. Under

16

these conditions it is appropriate to assume that the vapor mass fraction is relatively uniform along the
evaporating interface (as shown in Figure 3). For a higher contact angle (θ = 70 deg), evaporative cooling
shifts the vapor distribution along the interface (Figure 3) and the local evaporation flux profile is
significantly altered relative to predictions from the vapor diffusion-based model. The evaporation flux is
suppressed at the top of the droplet due to the local temperature reduction; more evaporation takes place
at the hotter three-phase contact line of the droplet. As the substrate temperature is increased from 45.6 °C
to 65.4 °C, the influence of both evaporative cooling and convection are strengthened due to the more
intense evaporation and stronger buoyancy convection on the hotter substrate.
45.6°C; 10 deg

45.6°C; 70 deg

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

0
1

(a)
65.4°C; 10 deg

65.4°C; 70 deg

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

0
1

(b)
Figure 4. Local evaporation flux along the interface of a water droplet at different contact angles (10 deg and
70 deg) and different wall temperatures: (a) Tw = 45.6°C and (b) Tw = 65.4°C (note the different ranges of the
ordinate axes). The abscissa tracks non-dimensional arc length along the interface from the droplet top, 0, to
the three-phase contact line, 1.
3.2. Constant Contact Angle Evaporation on a Hydrophobic Substrate
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To match the conditions of the experiments conducted by Dash and Garimella [24] in the next set of
simulations, the ambient temperature and relative humidity are set as 21 °C and 36%, respectively. The
initial droplet volume is set as ~3 μL and the evaporation process is assumed to follow a constant contact
angle mode at a fixed contact angle of 110 deg. The wall temperatures are set as 40 °C, 50 °C and 60 °C.
The solid wall is divided into a heated region with a radius of 3 cm and an outer adiabatic region. The
evaporation lifetimes calculated from the present simulations and the diffusion-based model (Eq. 1) are
compared with the experimental data extracted from Dash and Garimella [24], as listed in Table 3. The
present simulation predictions have a mean absolute deviation of ~2.5% from the experimental results
across all three heated substrates, while the vapor diffusion-based model overestimates the evaporation
lifetime by 5.7% to 12.8% (increasing deviation with heating).
Table 3. Lifetimes of the droplets evaporating in the CCA mode on a hydrophobic substrate.
Wall Temperature

Experiments [24]

Simulations (Deviation)

Diffusion Model (Deviation)

40.0 °C

490 s

482 s (-1.6%)

518 s (+5.7%)

50.0 °C

270 s

274 s (+1.5%)

295 s (+9.3%)

60.0 °C

156 s

163 s (+4.5%)

176 s (+12.8%)

Experiments
[24]
Experiments35
Diffusion
Diffusion model
model(Eq.
(Eq. 1)
1)
Present
Presentsimulation
model

Diffusion & convection

40.0°C
50.0°C
60.0°C

Diffusion, cooling & convection
Diffusion & cooling

40.0°
C
50.0°
C
60.0°
C

(a)

Diffusion & cooling
Diffusion & convections
Diffusion, cooling & convections

(b)

Figure 5. (a) Comparison of the temporal droplet volume variation predicted by the present numerical model
with the diffusion-based model (Eq. 1) and experiments [24] at three different surface temperatures. (b) Plot of
instantaneous evaporation rate of a water droplet as a function of volume (normalized by the vapor diffusionbased model prediction). Three groups of cases are shown with different transport mechanisms accounted for
in the current comprehensive model: vapor diffusion with addition of evaporative cooling, vapor diffusion with
addition of convection, and vapor diffusion with both evaporative cooling and convection in the fluid phase.
The contact angle of the droplet is fixed at 110 deg.
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The predicted volume evolution of evaporating droplets resting on the heated substrates is compared
with the experiments [24] and vapor diffusion-based model (Eq. 1) in Figure 5a. Both the present
simulation and the vapor diffusion-based model provide acceptable prediction of the droplet evaporation
process.
The influence of the individual transport mechanisms on the evaporation process is assessed using the
numerical model. The evaporation rate predictions obtained from the numerical model are normalized by
the vapor diffusion-based model and shown as a function of instantaneous droplet volume in Figure 5b.
As in the case of the hydrophilic substrate (Section 3.1), the thermal effects of evaporative cooling
suppress the evaporation rate. The suppression is more significant with an increase in wall temperature.
The influence of the droplet volume is negligible; this can be understood by a scaling analysis of the
temperature drop across the evaporating droplet. Based on a simplified one-dimensional conduction
resistance analogy, this temperature drop should linearly increase with the evaporative cooling flux and
the thermal resistance (Rheat) of the droplet, i.e., Tdrop  J Rheat. Based on Eq. 2, the evaporation flux is
inversely proportional to the droplet radius (J  1/ Rc  1/ Rdrop), while the thermal resistance is
proportional to the droplet radius (Rheat  hdrop  Rdrop). As a result, the evaporative cooling effect, i.e. the
temperature drop, should be independent of the droplet size.
When convection in the fluid domains is included in the numerical model (without considering
evaporative cooling) the convective term enhances the evaporation rate (Figure 5b). The enhancement
increases with an increase in droplet volume when the contact angle is fixed. The evaporation rate is
increased by ~65% compared to the vapor diffusion-only baseline for a 3 μL droplet evaporating on the
hottest substrate. When all factors are considered together in the present simulation, the net effect is an
increase in the evaporation rate by only ~10% compared to the vapor diffusion-based model.
These characteristics can be understood by analyzing the transport details. Figure 6 plots the vapor
mass fraction and temperature distribution, with flow field pathlines, for an evaporating droplet typifying
the behavior on a hydrophobic substrate. A large temperature drop (ranging from ~6.5 °C to 11.4 °C as
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the wall temperature increases from 40 °C to 60 °C) is established along the evaporating interface due to
the thermal resistance between the substrate and the liquid-vapor interface, which contributes to the
significant suppression of the evaporation rate by up to ~ 17% on the hottest substrate as shown in Figure
5b. There is a corresponding large variation in the saturated mass fraction along the interface. At the same
time, significant buoyancy-induced convection arises in the gas domain, which enhances the evaporation
rate. The magnitude of the average velocity in the liquid droplet ranges from ~10-5 m/s to ~10-4 m/s, and
the influence of this convection on droplet evaporation is found to be negligible. Although these effects
are ignored entirely in the vapor diffusion-based model, the convection and evaporative cooling are
approximately counterbalanced such that the result is only a marginal difference with respect to the
present, comprehensive model (Figure 5b). Compared to its shape on the hydrophilic substrate, the
droplet stands relatively taller on the hydrophobic substrate and the contact area is relatively smaller. As a
result, heat is transferred from the substrate to the droplet interface not only through the liquid droplet, but
also through the surrounding gas. The heat supplied from the gas domain contributes ~10% (across all
substrate temperatures) of the overall latent heat consumed on the evaporating interface, unlike in the case
of the hydrophilic substrate where this contribution was negligible.
TW = 40°C

32.0

0.004

TW = 60°C

60.0

Temperature (°C)

Droplet

Temperature (°C)

0.004

0.118

Mass fraction

40.0

Mass fraction

0.048

Droplet

Stefan flow

42.0

(a)
(b)
Figure 6. Contour plots of the vapor mass fraction and temperature distribution, with flow field pathlines
overlaid, are shown in and around the 3μL droplet at a contact angle of 110 deg and at wall temperatures of (a)
Tw = 40 °C and (b) Tw = 60 °C.
The local evaporation flux along the droplet interface is plotted for each of the cases in Figure 7. For
the hydrophobic substrate, the vapor diffusion-based model fails to predict the correct trend in
evaporation flux when compared to the present simulation. The vapor diffusion-based model predicts a
minimum local evaporation flux at the contact line, with a maximum occurring at the top of the droplet.
This trend is completely reversed compared to when evaporative cooling is included in the model.
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Evaporative cooling induces the largest temperature drop at the top of the droplet, which shifts the
evaporative flux intensity and vapor distribution toward the contact line (as illustrated by the vapor mass
fraction contours in Figure 6). The contact line region has the highest local temperature and supports the
highest local saturated vapor mass fraction. Thus, the highest rate of evaporation occurs at this location
where there is the largest vapor fraction gradient. In the vapor diffusion-based model (Eq. 2), where
temperature effects are neglected, the diffusion potential (i.e., vapor mass fraction) is assumed uniform
over the interface. The evaporation flux is erroneously predicted to be lowest at the contact line region
because of the local geometric confinement that increases the vapor diffusion resistance to ambient.
40°C; 3 µL

40°C; 1 µL

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

0
1

(a)
60°C; 3 µL

60°C; 1 µL
Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

0
1

(b)
Figure 7. Local evaporation flux along the interface of a water droplet with 110 deg contact angle with
different transport mechanisms included in the current model at different volumes (3μL and 1μL) and different
wall temperatures (a) Tw = 40°C and (b) Tw = 60°C (note the different ranges of the ordinate axes). The
abscissa tracks non-dimensional arc length along the interface from the droplet top, 0, to the three-phase
contact line, 1.
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As the substrate temperature increases, both evaporative cooling and the convection contributions
become stronger, and their influence on the distribution of the local evaporation flux is even more
significant. Production of vapor near the contact line region and the local wedge geometry together induce
a Stefan flow (Figure 6b) when the substrate temperature increases to 60 °C. It considerably enhances the
local evaporation flux near the contact line. The evaporation flux, considering diffusion and convection,
therefore bends upward close to the contact line region, as shown in Figure 7b.
3.3. Constant Contact Angle Evaporation on a Superhydrophobic Substrate
For continued matching of conditions with the experiments of Dash and Garimella [24], the ambient
temperature, relative humidity, initial droplet volume, and size of the heated region are maintained at the
same values as in Section 3.2. The evaporation process is assumed to follow a constant contact angle
mode at a fixed contact angle of 110 deg. The wall temperatures are set to 40 °C, 50 °C and 60 °C. In
Dash and Garimella’s experiments [24], a structured layer (23 μm in height; 0.54W/mK effective thermal
conductivity) is present between the droplet and the solid substrate. In the simulation, this layer is
modeled with one-dimensional axial conduction through the layer. The evaporation lifetimes calculated
from the present simulations and the diffusion-based model (Eq. 1) are compared with the experimental
data extracted from Figure 4 of Dash and Garimella [24], as listed in Table 4. The predicted volume
evolution of evaporating droplets is compared in Figure 8a. The present simulation predictions agree with
the experimental results very well except on the hottest substrate, where the deviation of the droplet
lifetime is 8.7%. The vapor diffusion-based model significantly overestimates the evaporation lifetime by
31.5% to 52.5% on the heated substrates with different temperatures.
Table 4. Lifetimes of the droplets evaporating in the CCA mode on a superhydrophobic substrate.
Wall Temperature

Experiments [24]

Simulations (Deviation)

Diffusion Model (Deviation)

40.0 °C

680 s

697 s (+2.5%)

466 s (-31.5%)

50.0 °C

450 s

445 s (-1.1%)

266 s (-40.9%)

60.0 °C

343 s

313 s (-8.7%)

163 s (-52.5%)
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As in the case of the other substrates, the influence of the individual transport mechanisms on the
evaporation process is now delineated. The evaporation rate predictions obtained from the numerical
model are normalized by the vapor diffusion-based model and shown as a function of instantaneous
droplet volume in Figure 8b. As with the hydrophobic substrate, suppression of evaporation by
evaporative cooling increases with wall temperature, but is unaffected by the volume of the droplet;
convection increases the evaporation rate. Evaporative cooling dominates when all factors are considered
in the present simulation, and the evaporation rate is reduced by up to ~48% compared to the vapor
diffusion-based model.

Experiments 35[24]
Diffusion model
model (Eq.
(Eq. 1)
Present
Present simulation
model

40.0°C
50.0°C
60.0°C

40.0°
C
50.0°
C
60.0°
C

(a)

Diffusion & cooling
Diffusion & convections
Diffusion, cooling & convections

(b)

Figure 8. (a) Comparison of the temporal droplet volume variation predicted by the present numerical model
with the diffusion-based model (Eq. 1) and experiments [24] with three different surface temperature. (b) Plot
of instantaneous evaporation rate of a water droplet as a function of volume (normalized by the vapor
diffusion-based model prediction). Three groups of cases are shown with different transport mechanisms
accounted for in the current comprehensive model: vapor diffusion with addition of evaporative cooling, vapor
diffusion with addition of convection, and vapor diffusion with both evaporative cooling and convection in the
fluid phase. The contact angle of the droplet is fixed at 160 deg.

These characteristics can be understood by analyzing the transport details as shown in Figure 9.
Because the droplet is relatively tall and the contact area small, the temperature drop along the interface is
even larger than that on the hydrophobic substrate, up to 11.1 °C at Tw = 40 °C and 18.4 °C at Tw = 60 °C.
The evaporation rate is thus significantly suppressed compared to the diffusion-based model (Figure 8b).
At the same time, the strong cooling effect also weakens the upward convection near the droplet. As
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shown in Figure 9, the pathlines of the gas are almost horizontal near the droplet interface rather than
flowing directly upward. As a result, the contour of the vapor mass fraction around the droplet is
hemispherical. The vapor transport is not significantly enhanced by convection. This explains the
dominance of evaporative cooling on the overall evaporation rate as presented in Figure 8b. As with the
hydrophobic substrates, the latent heat consumed during evaporation is supplied from both the gas and
liquid domains. The gas domain contributes 50.3% (at Tw = 40 °C) to 52.0% (at Tw = 60 °C) of the overall
heat.

TW = 40°C

TTW
= 60°C
W = 60°C

60.0

Droplet

35.0

26.0 0.004

0.004

(a)

Temperature (°C)

Droplet

Mass fraction

40.0 0.049

Temperature (°C)

Mass fraction

0.039

(b)

Figure 9. Contour plots of the vapor mass fraction and temperature distribution with flow field pathline
overlaid are shown in and around the 3μL droplet at a contact angle of 160 deg and at wall temperatures of (a)
Tw = 40°C and (b) Tw = 60°C.

The local evaporation flux along the droplet interface is plotted for each of the cases in Figure 10. As
with the hydrophobic substrate, the vapor diffusion-based model (Eq. 2) fails to predict the correct local
evaporation flux. The evaporative-cooling-induced temperature drop along the interface shifts the highest
evaporative flux intensity toward the contact line. The heated substrates would have induced strong
upward convection and increased the evaporation flux along the interface significantly (see case of
diffusion and convection in Figure 10), if not suppressed by the evaporative cooling effect. But once the
evaporative cooling is taken into account, the influence of convection becomes weakened and plays a
very minor role. As the substrate temperature increases, the deviation between the vapor diffusion-based
model and the experiment also increases due to the strong cooling effect on the interface.
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40°C; 1 µL

40°C; 3 µL
Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

0
1

(a)
60°C; 1 µL

60°C; 3 µL

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

Diffusion-based model (Eq. 2)
Present simulation
Diffusion & evaporative cooling
Diffusion & convection

0
1

(b)
Figure 10. Local evaporation flux along the interface of a water droplet with 160 deg contact angle with
different transport mechanisms included in the current model at different volumes (3 μL and 1 μL) and
different wall temperatures (a) Tw = 40°C and (b) Tw = 60°C (note the different ranges of the ordinate axes).
The abscissa tracks non-dimensional arc length along the interface from the droplet top, 0, to the three-phase
contact line, 1.

4. CONCLUSIONS
A generalized numerical model is developed to accurately predict the volume evolution, lifetime and
local evaporation flux of an evaporating droplet resting on a solid substrate of different temperatures and
extent of wettability. The transport processes are analyzed and reveal the quantitative contribution of each
of the pertinent transport mechanisms. The large temperature variation in the system highlights the
necessity of employing temperature-dependent properties in the model.
The model is compared against multiple experimental studies in the literature for water droplets
evaporating on substrates with temperatures from 40 °C to 65.4 °C and contact angles from 10 deg to 160
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deg. The predicted droplet lifetime agrees with the experiments on average to within 3%, with a
maximum deviation of 8.7% for a substrate with temperature of 60 °C and contact angle of 160 deg.
The evaporating interface is cooled down and a temperature drop across the interface arises during the
evaporation. The temperature drop becomes larger as the substrate temperature is increased, and reaches
up to ~18 °C for a 3 μL droplet evaporating on the superhydrophobic substrate at 60 °C. This significantly
changes the magnitude and distribution of the vapor fraction along the interface, thereby significantly
suppressing the evaporation rate (by up to ~53%) and altering the evaporation flux along the interface. As
the substrate temperature is increased, the buoyancy-induced convection strengthens, enhancing vapor
transport in the gas domain and significantly increasing the evaporation rate compared with the diffusionbased model (by up to ~60% on the hottest substrate).
When evaporative cooling and buoyant convection are considered together, their competing
influences yield a net effect that is strongly dependent on the substrate wettability. On hydrophilic
substrates, the evaporative cooling effect is weak; upward gas-phase natural convection is dominant and
enhances evaporation. On the hydrophobic substrate, the evaporative cooling and convection effects
counterbalance each other. On the superhydrophobic substrate, the effect of evaporative cooling is
amplified and dominates the transport process.
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